Introduction
During sepsis, invading pathogens activate pattern recognition receptors expressed on a variety of cell types using specific pathogen-association molecular patterns present in bacteria, viruses, fungi and parasites. 1 Toll-like receptors (TLR) are the most studied family of pattern recognition receptors, and their activation triggers signal transduction pathways that up-regulate pro-inflammatory cytokine expression vital for the resolution of infection.
2 Lipopolysaccharide (LPS) from Gram-negative bacteria activates TLR4 to induce pro-inflammatory cytokine generation and leads to rapid induction of tissue factor (TF) expression on leukocytes, 3 triggering blood coagulation in the absence of blood vessel damage. 4 In sepsis, LPS-induced aberrant TF expression, depletion of anticoagulant plasma proteins 5 and down-regulation of vascular cell surface receptors 6 leads to unregulated coagulation protease activation and disseminated intravascular coagulopathy, often causing multiorgan failure and death. 7 Coagulation proteases generated as a consequence of infection can interact with vascular and leukocyte surface receptors to either promote or inhibit pro-inflammatory signaling pathways. Inhibition of TF 8 and thrombin 9 is protective in murine endotoxemia. In contrast, the anticoagulant protease activated protein C (APC) suppresses LPS or cytokineinduced inflammation on monocytes, 10 macrophages 11, 12 and vascular endothelial cells. 13 Deficiency 14 or impaired generation 15, 16 of APC increases sensitivity to LPS challenge in mice and recombinant APC has been used in the treatment of individuals with severe sepsis. 17 Activated factor X (FXa) is a vitamin K-dependent protease generated rapidly upon exposure to TF. FXa, as part of the prothrombinase complex, catalyzes thrombin generation, leading to fibrin deposition. FXa is critical for effective blood coagulation, as evidenced by the severe bleeding phenotype of FX-deficient individuals 18 and the embryonic or perinatal lethality exhibited by FX -/-mice. 19 Like other coagulation proteases, FXa cell signaling is trans- Vitamin K-dependent proteases generated in response to vascular injury and infection enable fibrin clot formation, but also trigger distinct immuno-regulatory signaling pathways on myeloid cells. Factor Xa, a protease crucial for blood coagulation, also induces protease-activated, receptor-dependent cell signaling. Factor Xa can bind both monocytes and macrophages, but whether factor Xa-dependent signaling stimulates or suppresses myeloid cell cytokine production in response to Toll-like receptor activation is not known. In this study, exposure to factor Xa significantly impaired pro-inflammatory cytokine production from lipopolysaccharide-treated peripheral blood mononuclear cells, THP-1 monocytic cells and murine macrophages. Furthermore, factor Xa inhibited nuclear factor-kappa B activation in THP-1 reporter cells, requiring phosphatidylinositide 3-kinase activity for its anti-inflammatory effect. Active-site blockade, g-carboxyglutamic acid domain truncation and a peptide mimic of the factor Xa inter-epidermal growth factor-like region prevented factor Xa inhibition of lipopolysaccharide-induced tumor necrosis factor-α release. In addition, factor Xa anti-inflammatory activity was markedly attenuated by the presence of an antagonist of protease-activated receptor 2, but not protease-activated receptor 1. The key role of protease-activated receptor 2 in eliciting factor Xa-dependent anti-inflammatory signaling on macrophages was further underscored by the inability of factor Xa to mediate inhibition of tumor necrosis factor-α and interleukin-6 release from murine bone marrow-derived protease-activated receptor 2-deficient macrophages. We also show for the first time that, in addition to protease-activated receptor 2, factor Xa requires a receptor-associated protein-sensitive low-density lipoprotein receptor to inhibit lipopolysaccharide-induced cytokine production. Collectively, the findings of this study support a novel function for factor Xa as an endogenous, receptor-associated protein-sensitive, protease-activated receptor 2-dependent regulator of myeloid cell pro-inflammatory cytokine production.
Activated factor X signaling via protease-activated receptor 2 suppresses pro-inflammatory cytokine production from lipopolysaccharide-stimulated myeloid cells duced by protease-activated receptors (PAR). Although structurally homologous to APC, FXa has been described both as a driver 20, 21 and an inhibitor 22, 23 of TLR-and cytokine-induced inflammation depending on the cell type and signaling receptors activated. FXa can activate both PAR1, PAR2 and to a lesser extent, PAR4. 24 Co-receptors for FXa activation of PAR appear crucial in dictating FXa signaling specificity and multiple non-PAR cell receptors for FXa have been identified. Effector protease receptor 1 (EPR-1) was originally characterized as a high-affinity FXa receptor on platelets, endothelial cells and various leukocyte subsets. [25] [26] [27] However, the molecular mechanism through which EPR-1-bound FXa exerts these cellular effects has not been described, and the identity of EPR-1 is itself controversial. 28 FXa also has affinity for the endothelial cell protein C receptor (EPCR). 29 Blockade of the EPCRFXa interaction with an anti-EPCR monoclonal antibody prevents PAR1 activation by FXa and inhibits FXa cytoprotective signaling on endothelial cells. 29 Furthermore, annexin-2 has been shown to bind specifically to an FXa isoform (FXa-β) and to facilitate PAR1 activation on endothelial cells, but its role in response to inflammatory stimuli is unknown. 30 The receptor signaling requirements and downstream cellular consequences of FXa signal transduction are, therefore, complex, cell-type dependent and often divergent, and the determinants of this signaling diversity are not fully understood.
FX(a) binds both monocytes and macrophages with high affinity 31 and is rapidly activated upon LPS activation and TF decryption, playing a crucial role in thrombin generation and subsequently fibrin deposition. However, whether FXa generated on the surface of myeloid cells contributes to the innate immune response beyond catalyzing coagulation is not known, as PAR-dependent signaling by FXa on myeloid cells and its role in response to TLR activation have not been characterized. In this study, we show that FXa inhibits a pro-inflammatory cytokine response to TLR stimulation in monocytes and macrophages via PAR2 activation and downstream activation and suppression of phosphatidylinositide 3-kinase (PI3K) and nuclear factor-kappa B (NF-κB) signaling, respectively. Furthermore, FXa structural determinants and cell surface receptor(s) required to facilitate FXamediated hyposensitivity to TLR stimulation are identified, thus delineating a novel role for FXa in regulating the inflammatory response to TLR activation on myeloid cells.
Methods

Materials
Detailed information relating to plasma-derived purified proteins, synthetic peptides and antibodies used in this study is given in the Online Supplementary Methods. Figure S2 ). Supernatants were collected thereafter and tumor necrosis factor alpha (TNFα) generation was determined using a human TNFα DuoSet enzyme-linked immunosorbent assay (R&D Systems, MN, USA) or a HEK Blue TNFα/IL-1β cell line (Invivogen, Toulouse, France). Exposure of the HEK Blue TNFα/IL-1β cells to TNFα resulted in dose-dependent activation of the NF-κB/AP-1 pathways and expression of the secreted alkaline phosphatase (ALP) reporter gene (Online Supplementary Figure S1 ). ALP activity in the supernatant was detected using QUANTI-Blue medium (Invivogen, Toulouse, France) containing a colorimetric ALP substrate. Colorimetric measurements were taken at 650 nm. ALP activity relative to that of cells treated only this LPS was determined using the following equation:
Isolation of human peripheral blood mononuclear cells
ALP activity (%) = ((X-N)/(P-N)) X 100
Where X is the test sample, N is the untreated phosphatebuffered sample and P is the LPS-treated positive control sample.
Quantification of nuclear factor-κB activation by THP1-XBlueCD14 cells
NF-κB activation was measured using THP1-XBlueCD14 cells (Invivogen, Toulouse, France). These cells stably co-express CD14 and an NF-κB/AP-1-inducible secreted ALP reporter. The THP1-XBlueCD14 cells were re-suspended in serum-free RPMI 1640 medium supplemented with 3 mM CaCl 2 and 0.6 mM MgCl 2 at a density of 3x10 6 cells/mL and seeded in 96-well plates. The cells were incubated with FXa (20 nM) for 1 h and subsequently stimulated with LPS (31-500 ng/mL) for 6 h. ALP activity in the supernatant was detected with QUANTI-Blue, as described above.
Mice
PAR2
-/-mice, originally from Jackson Laboratories, were generated on a BALB/c background and maintained in-house. Additional details are given in the Online Supplementary Methods section.
Isolation and culture of murine bone marrow-derived macrophages
Bone marrow-derived macrophages were prepared from mice by standard techniques. 33 Additional details are given in the Online Supplementary Methods section.
Quantification of cytokine secretion from human peripheral blood mononuclear cells and murine bone marrow-derived macrophages
Human PBMC or murine bone marrow-derived macrophages were washed with phosphate-buffered saline and incubated with FXa/APC/FXa DEGR (20 nM) in serum-free RPMI 1640 medium supplemented with 1 mM CaCl 2 and 0.2 mM MgCl 2 for 3 h prior to stimulation with LPS (PBMC; 50 ng/mL and macrophages; 20 ng/mL) for 18 h. Supernatants were collected and TNFα and IL-6 detected using DuoSet enzyme-linked immunosorbent assays (R&D Systems, MN, USA) for human and murine cytokines.
Results
Factor Xa attenuates pro-inflammatory cytokine production from myeloid cells in response to lipopolysaccharide
To examine whether FXa exposure promotes or suppresses the pro-inflammatory cytokine response of myeloid cells to LPS, the effect of FXa on TNFα production from LPStreated primary monocytes (PBMC) was assessed. FXa inhibited LPS-induced TNFα secretion from PBMC in a significant and concentration-dependent manner (IC 50~3 nM FXa; Figure 1A ). FXa alone, however, did not induce TNFα production, or negatively affect cell viability (Online Supplementary Figure S2 ). The extent of FXa-mediated inhibition of TNFα release was similar to that observed in the presence of the homologous anti-inflammatory enzyme APC ( Figure 1A ). When monocytic THP-1 cells were used in place of PBMC in the same assay, prior exposure to FXa resulted in a significant (60±9% at 20 nM FXa; P<0.001) and dose-dependent (IC 50~3 nM) reduction in LPS-induced TNFα secretion, which was again comparable to that observed with APC in the same assay ( Figure 1B) . A comparison of FXa anti-inflammatory activity with that of other homologous vitamin K-dependent proteases showed that, of the procoagulant vitamin K-dependent proteases tested, only FXa could replicate APC anti-inflammatory activity on monocytes ( Figure 1C ).
Pro-inflammatory gene activation and cytokine expression can be initiated upon detection of TLR ligands other than LPS, by activation of TLR family members with different ligand specificity. Coagulation protease modulation of cytokine production induced by activation of TLR other than TLR4 has not, however, been determined. To investigate this, FXa was added to THP-1 cells prior to stimulation with activating ligands for the TLR2/2 homodimer (HKLM), TLR1/2 heterodimer (Pam3CSK4), TLR5/5 homodimer (flagellin) and TLR2/6 heterodimer (FLS-1). TNFα generation in response to each TLR agonist was significantly inhibited by FXa (P<0.05, Figure 1D ). Importantly, co-incubation of FXa with a chloromethyl ketone inhibitor (DEGR), essentially eliminated FXa inhibition of LPS-induced cytokine release from THP-1 cells ( Figure 1E ). This demonstrated that FXa proteolytic activity was required for attenuation of cytokine release in response to LPS and, furthermore, that LPS contamination of plasma-derived FXa was not responsible for the reduced cytokine response induced by FXa.
Factor Xa attenuation of lipopolysaccharide-induced pro-inflammatory cytokine secretion on monocytes and macrophages requires PAR2 and is sensitive to receptor-associated protein
FXa can activate either PAR1 or PAR2 to mediate FXadependent anti-inflammatory or cytoprotective activity on endothelial cells. Active-site inhibition diminished the ability of FXa to inhibit cytokine release upon TLR4 activation by LPS from THP-1 cells ( Figure 1E ), suggesting of a key role for PAR proteolysis in mediating FXa anti-inflammatory signaling on myeloid cells. To determine which PAR was required to mediate this phenomenon, PBMC were treated with either a PAR1 or PAR2 antagonist (FR131117 and ) was determined by incubation with THP-1 cells for 3 h, prior to stimulation with LPS (500 ng/mL; 4 h). TNFα secretion was detected using HEK Blue TNFα reporter cells (ALP activity) as described in the Methods section. (C) THP-1 cells were exposed to vitamin Kdependent proteases (APC, FXa, FVIIa, FIXa, all 20 nM) and then treated with PBS or LPS (500 ng/mL; 4 h) before TNFα release was determined using HEK Blue TNFα reporter cells (D) THP-1 cells were exposed to PBS (black bars) or FXa (white bars, 20 nM) for 1 h prior to stimulation with TLR agonists LPS (500 ng/mL), HKLM (5x10 6 cells), Pam3CSK4 (500 ng/mL), flagellin (50 ng/mL) or FSL-1 (50 ng/mL) for 4 h and TNFα was then measured. (E) THP-1 cells were exposed to FXa or FXa DEGR (20 nM) for 1 h prior to stimulation with LPS (500 ng/mL) for 4 h and then released TNFα was detected using HEK Blue TNFα reporter cells. All results represent the mean of at least three independent experiments ± SD.
A B C D E
0 5 10 15 20 GB83, respectively) in conjunction with FXa and then challenged with LPS. PAR1 antagonism did not affect FXa impairment of LPS-induced TNFα production at any concentration tested; however, PAR2 antagonism dose-dependently inhibited FXa anti-inflammatory function until complete inhibition was observed at approximately 1 mM GB83 ( Figure 2A ). As expected, GB83 had no effect on APC-mediated TNFα inhibition. Replacement of PBMC with THP-1 cells in the same assay illustrated a similar dependence on PAR2, rather than PAR1, to enable FXa anti-inflammatory signaling on this type of cell ( Figure 2B ). To further characterize the role of PAR2 in FXa anti-inflammatory signaling on myeloid cells, macrophages isolated from wild-type and PAR2 -/-BALB/c mice were exposed to FXa, FXa DEGR or APC prior to LPS stimulation. The inhibitory activity of FXa upon TNFα and IL-6 production from both LPS-treated wild-type macrophages was approximately double that observed when the same macrophages were incubated with FXa DEGR (Figure 2C,D) . Accordingly, when the same assay was performed in the presence of PAR2 -/-macrophages, both FXa and FXaDEGR failed to inhibit TNFα and IL-6 production significantly upon LPS challenge ( Figure 2E,F) . In contrast, APC significantly restricted TNFα and IL-6 release from LPS-stimulated wild-type and PAR2 -/-macrophages ( Figure 2C -F), in agreement with previous studies highlighting the importance of PAR1, rather than PAR2, in mediating APC anti-inflammatory activity on this cell type. 12 FXa can utilize a number of co-receptors to elicit PARdependent signaling, but those required for suppression of the pro-inflammatory cytokine response to TLR activation are not known. Low density lipoprotein (LDL) receptor family members have been identified as potential mediators of vitamin K-dependent protease signaling on monocytes. 34 In order to determine whether an LDL family receptor interaction might also modulate PAR2-dependent FXa
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anti-inflammatory activity on myeloid cells, receptor-associated protein (RAP; which binds to the ligand-binding region of all LDL family receptors and prevents ligand interaction), was added in combination with FXa. RAP sensitivity of FXa-mediated attenuation of cytokine production from LPS-treated THP-1 monocytes and murine macrophages was then determined. RAP alone had no effect upon LPS-induced pro-inflammatory cytokine production in the absence of FXa, but completely ablated FXa anti-inflammatory activity on THP-1 monocytes ( Figure  3A) . Similarly, incubation solely with RAP did not alter LPSinduced cytokine production from LPS-treated macrophages, but completely inhibited FXa inhibition of TNF and IL-6 release ( Figure 3B,C) , highlighting a novel role of RAP-sensitive LDL receptors in mediating FXa antiinflammatory cell signaling. Given the important role of ApoER2 in mediating APC anti-inflammatory signaling on monocytes, we sought to determine whether ApoER2 was the target for RAP inhibition of FXa anti-inflammatory activity on THP-1 cells. To achieve this, FXa was incubated with THP-1 cells in the presence of a mouse anti-ApoER2 monoclonal antibody directed against the extracellular region of human ApoER2 (anti-ApoER2 mAb 1). AntiApoER2 mAb 1 dose-dependently attenuated FXa impairment of LPS-induced TNFα production ( Figure 5D and inset). In contrast, anti-ApoER2 mAb 2 (directed against the ApoER2 intracellular region) and a mouse IgG 1 antibody isotype control had no effect upon FXa anti-inflammatory activity, suggesting a novel role for the extracellular region of ApoER2 in enabling FXa anti-inflammatory activity on THP-1 monocytes. These studies indicate that PAR2, in conjunction with a RAP-sensitive membrane receptor, is necessary for optimal FXa-mediated suppression of LPSinduced pro-inflammatory cytokine production from myeloid cells.
Factor Xa anti-inflammatory signaling causes inhibition of lipopolysaccharide-induced nuclear factor-κB activation and is sensitive to wortmannin
Activation of the transcription factor NF-κB controls the expression of an array of pro-inflammatory cytokine genes and is a shared downstream effector of TLR-activated signaling pathways. To examine whether NF-κB activation by LPS was impaired by prior exposure to FXa, THP-1 cells stably transfected with an NF-κB-dependent secreted ALP reporter construct were incubated with FXa and then stimulated with LPS. FXa was found to inhibit NF-κB activation significantly at all LPS concentrations tested (P<0.05; Figure  4A ). Numerous negative regulatory mechanisms exist in order to control the magnitude of the pro-inflammatory response upon TLR-mediated NF-κB activation. Pertinently, FXa homolog APC induces PI3K activation and Akt phosphorylation to negatively regulate LPS-TLR4 signaling on U937 monocytes. 34 To investigate whether PI3K/Akt pathway activation is similarly required for FXa regulation of LPS-dependent cytokine production, THP-1 cells were treated with FXa and LPS in the presence of the PI3K inhibitor wortmannin and the production of TNFα was measured. Wortmannin completely inhibited FXa-mediated suppression of TNFα production in response to LPS, with half-maximal inhibition of FXa activity observed at 0.5 mM (Figure 4B,C) . Similarly, PI3K inhibition by wortmannin ablated the negative regulation of TNFα production by FXa following stimulation with Pam3CSK4 as a ligand for TLR1/2 (data not shown). To further characterize the receptor requirements for FXa-mediated inhibition of NF-κB activation in THP-1 cells, the assay was repeated in the presence of GB83 and RAP. Similar to the effect of wortmannin, both GB83 and RAP completely prevented inhibition of NF-κB activation by FXa in THP-1 cells ( Figure 4D ). FXa DEGR and FXa truncated at the N-terminal Gla domain (FXa DESGLA ) were unable to inhibit NF-κB activation in a similar manner to FXa (Figure 4E ), highlighting the importance of FXa enzymatic activity and the Gla domain in mediating FXa antiinflammatory activity.
Structural determinants of factor Xa anti-inflammatory activity on myeloid cells
A range of FXa isoforms and truncations were used to characterize the molecular requirements for FXa inhibition of pro-inflammatory cytokine release upon TLR activation. The ability of FXa DESGLA to prevent LPS-induced TNFα production from THP-1 cells was significantly impaired compared to that of full-length FXa ( Figure 5A ). A similar response was observed when FXa DESGLA was used to prime cells prior to Pam3CSK4 treatment (data not shown). Bovine FXa, a close structural homolog of human FXa possessing approximately 70% amino acid sequence similarity to its human counterpart, was surprisingly ineffective at reducing LPS and Pam3CSK4-induced TNFα expression, suggesting that the molecular requirements for FXa anti-inflammatory activity on THP-1 monocytes are not conserved between these species ( Figure 5A ).
Once activated, FXa associates with activated factor V (FVa) on plasma membrane negatively charged phospholipids to activate prothrombin. FVa could theoretically inhibit the FXa interaction with cell surface receptors necessary for anti-inflammatory signaling. We found, however, that FVa had no effect on the ability of FXa to suppress LPSinduced cytokine production from THP-1 cells (Figure 5B ), indicating that, in the presence of its procoagulant cofactor, the ability of FXa to negatively regulate LPS-stimulated cytokine production is maintained.
An intermediary amino acid sequence connecting the two FXa EGF-like domains (amino acid residues 83-88) has previously been shown to be important for FXa cell signaling. 35 To investigate the contribution of the inter-EGF region to FXa inhibition of LPS-induced cytokine production on THP-1 monocytes, a short synthetic peptide mimicking this region (FX 83-88 ) was co-incubated with FXa and LPS-induced TNFα production was measured ( Figure 5C ). The peptide alone had no effect on TNFα production, but its presence alongside FXa dose-dependently attenuated FXa-mediated inhibition of TNFα secretion in response to LPS (IC 50 = 1.3 mg/mL FX 83-88 peptide; Figure 5C , inset). To ensure specificity, a scrambled version of this peptide was tested but, unlike FX 83-88 peptide, it was unable to inhibit FXa antiinflammatory activity ( Figure 5C ).
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Discussion
FXa signaling can induce disparate downstream outcomes depending upon the PAR activated, the cell type assessed and the cellular output measured. Consequently, precise determination of the role of FXa cell signaling in vivo has been difficult to ascertain. Moreover, despite the observation of robust FXa signaling in vitro, rapid inhibition of FXa by plasma serpins may limit the role of FXa signaling in its free form under normal physiological conditions. However, there are a number of pathological states, particularly disseminated intravascular coagulopathy, in which procoagulant proteases such as FXa are excessively generated and not subject to the same strict regulatory mechanisms that exist in the absence of infection. In such instances, FXa generated as a consequence of persistent coagulation activation has increased potential to bind leukocytes and trigger cell signaling.
Recent studies have highlighted the role of proteases associated with hemostasis in modulating innate immunity, either by simultaneously promoting both coagulation and inflammation, 9 or by regulating inflammation and thus limiting mortality in preclinical animal models of endotoxemia or in patients with severe sepsis. 15 The role of FXa in this context is currently not well understood, and has been described to induce cell signaling conducive to both the promotion and attenuation of inflammation. Therefore, in this study, we sought to determine how FXa signals on innate immune cells whose primary physiological role is to initiate a pro-inflammatory response upon pathogen detection. In doing so, we demonstrated that FXa induces a refractory state to TLR stimulation via PAR2 activation, and thereby impairs pro-inflammatory cytokine production from TLRstimulated myeloid cells.
FXa did not induce the generation of pro-inflammatory cytokines in any of the cell types tested when administered alone, or when co-administered simultaneously with TLR ligands. In contrast, prior exposure to FXa produced significant and dose-dependent inhibition of LPS-induced cytokine production in THP-1 cells, PBMC and primary murine macrophages. A half-maximal reduction of TNFα production was elicited at ~3 nM FXa in all myeloid cell types tested.
The ability of FXa to regulate cytokine expression was not limited to that initiated by TLR4 activation and experiments using synthetic agonists directed against specific TLR demonstrated that FXa regulates the pro-inflammatory cytokine response upon activation of multiple TLR (including TLR 1, TLR2, TLR5 and TLR6), with varying degrees of efficacy. Given the enzymatic activity and broad range of identified substrates for FXa, we considered whether reduced sensitivity to LPS on FXa-treated myeloid cells was a consequence of FXa shedding of TLR from the cell surface. However, conserved FXa cleavage sites were not identified in the extracellular portions of any of the TLR under investigation, indicating that receptor proteolysis from the cell surface is unlikely to contribute to FXa anti-inflammatory activity.
Proteolytic activation of either PAR1 or PAR2 by FXa confers cytoprotective effects on endothelial cells, but it is not known whether they mediate FXa signaling on myeloid cells and, if so, which PAR is required to mediate anti-inflammatory FXa activity. A likely role for PAR in enabling FXa suppression of pro-inflammatory production was demonstrated by the diminished capacity of FXa DEGR to attenuate LPS-induced TNFα expression on both monocytes and macrophages. Furthermore, we found that the ability of FXa to inhibit LPS-induced cytokine production from THP-1 monocytes was significantly inhibited in the presence of PAR2, but not PAR1, antagonists. Moreover, LPS-induced TNFα/IL-6 production from PAR2 -/-macrophages, in contrast to that from murine wild-type macrophages, was largely impervious to the anti-inflammatory activity of FXa. This is consistent with the pro- posed molecular mechanism of action of FXa cytoprotection on endothelial cells, given that previous studies have shown that anti-PAR2 antibodies block FXa-dependent maintenance of endothelial cell barrier integrity, downregulate cell surface adhesion protein expression upon TNFα treatment and diminish NF-κB activation. 23 Interestingly, PAR2 activation by non-physiological synthetic peptides also results in diminished LPS-induced TNFα and IL-6 expression from primary murine macrophages. 36 Our study thus identifies a novel role for FXa as an endogenous PAR2 activator with similar antiinflammatory activity on myeloid cells.
The downstream signaling induced upon PAR2 activation by FXa to limit inflammatory cytokine generation is not known and the intracellular pathways that mediate decreased sensitivity to LPS have not yet been fully delineated. However, we observed that FXa significantly inhibited NF-κB activation in LPS-activated THP-1 reporter cells. Furthermore, FXa anti-inflammatory signaling requires functional PI3K and is inhibited by the presence of wortmannin. The PI3K-Akt pathway has a well-characterized role in mediating cell survival, and has been implicated in both negative and positive regulation of TLR-induced proinflammatory cell signaling. 37, 38 Activation of the PI3K-Akt pathway in human monocytes and THP-1 cells has been demonstrated to limit LPS-induced up-regulated NF-κB, AP-1 and TNFα expression. 37 Furthermore, pharmacological inhibition of PI3K/Akt increases LPS-induced coagulation and inflammation in murine models of endotoxemia. 39 Our data imply that FXa activation of PI3K/Akt-dependent pathways in THP-1 cells is an important step in enabling FXa anti-inflammatory signaling on myeloid cells. Furthermore, this suggests that FXa uses a similar downstream signaling mechanism to its homolog APC on monocytes, which also induces PI3K and Akt phosphorylation to attenuate LPS-TLR4 pro-inflammatory signaling. 34 The molecular determinants of specific PAR cleavage by FXa are incompletely understood, but appear to be regulated by FXa cell surface co-receptor interactions. For example, the interaction between FXaβ and annexin 2 facilitates activation of PAR1, but not PAR2, on endothelial cells, whereas EPCR binding is proposed to support FXa activation of both PAR1 and PAR2 on the same cell type. 29, 30, 40 Given the ability of RAP to inhibit APC anti-inflammatory signaling on U937 monocytic cells, we sought to identify whether FXa antiinflammatory signaling on THP-1 monocytes was similarly RAP-sensitive. FXa anti-inflammatory signaling was strongly inhibited by the presence of RAP on both monocytes and macrophages, indicating a crucial role for an LDL receptor family member in enabling FXa signaling activity on these cells. In addition, a mouse monoclonal antibody directed against the extracellular region of ApoER2 blocked FXa inhibition of TNFα release from THP-1 monocytes. Extensive studies to characterize the role of ApoER2 and other potential LDL receptor family members that may contribute to FXa anti-inflammatory activity on myeloid cells are required. This is particularly true given that FXa anti-inflammatory activity on bone marrow-derived murine macrophages derived from BALB/c mice was also found to be sensitive to RAP inhibition despite previous studies indicating that ApoER2 is not expressed on bone marrow-derived murine macrophages. 12 This suggests that an as-yet-unidentified LDL receptor family member expressed on bone-marrow-derived macrophages, distinct from ApoER2, may represent an alternative target for the potent RAP-mediated inhibition of FXa anti-inflammatory activity observed on LPS-treated bone marrow-derived macrophages.
In this study, a peptide mimicking this FXa amino acid sequence (FX 83-88 ), previously shown to be crucial for PAR2-dependent barrier protective and anti-inflammatory activity of FXa on endothelial cells, 22, 23 produced a dose-dependent decrease in FXa regulation of LPS-stimulated cytokine production from THP-1 cells, such that FXa anti-inflammatory activity could be completely blocked by the presence of this peptide. Interestingly, bovine FXa, whose inter-EGF region amino acid sequence is not similar to its human counterpart, was unable to mount an anti-inflammatory response similar to that of human FXa, providing a possible explanation for the observed species-specific loss of function.
The anti-inflammatory activity of FXa on myeloid cells was inhibited by N-terminal Gla domain truncation. In contrast, the FXa Gla domain may not be required for PAR2-dependent FXa signaling on endothelial cells. 22 It is not clear at this stage whether FXa Gla domain truncation confers long-range structural changes that disrupt FXa myeloid receptor binding sites on the Gla domainless protease, or itself represents a crucial binding site for FXa myeloid cell surface receptors.
Collectively, this study suggests that FXa acts in a similar manner to APC in limiting pro-inflammatory cytokine production on monocytes and macrophages. Unlike APC, FXa uses PAR2, rather than PAR1, to initiate downstream antiinflammatory signaling on macrophages but, similarly, attenuates NF-κB activation and activates PI3K signaling pathways to inhibit inflammation in LPS-treated monocytes. Myeloid cell-specific APC anti-inflammatory signaling is crucial in protecting mice from LPS-induced lethality. 12, 41 Assessment of the efficacy of FXa in this setting is, however, complicated by multiple confounding factors, including the potent procoagulant activity of FXa, its rapid inhibition by serpins in plasma 42 and its pleiotropic celldependent signaling properties. However, the success of prior studies utilizing modified recombinant APC variants 15 with signaling-selective activity to regulate murine endotoxemic response provides a useful insight as to how the anti-inflammatory activity of exogenous FXa could be investigated in vivo. Recombinant FXa variants with impaired ability to assemble into the prothrombinase complex and/or associate with inhibitors, but retained ability to interact with myeloid cell surface signaling receptors, may yield important insights into the role of FXa anti-inflammatory signaling when applied to pre-clinical animal models of acute inflammatory disease. 
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